The GJcNAc-l-P-transferase was solubilized from microsomal preparations of soybean cultured cells by treatment with 1% Triton X-100. The solubilized enzyme catalyzed the formation of dolichyl pyrophosphoryl-GlcNAc when incubated with UDP-GlcNAc and dolichyl phosphate. The GlcNAc-l-P-transferase activity was stimulated by the addition of phosphatidylglycerol and phosphatidylinositol, but was inhibited by phosphatidylcholine, phosphatidylethanolamine, and phosphatidylserine. The K. value for dolichyl-phosphate was 6.2 micromolar and that determined for UDP-GlcNAc was 0.42 micromolar. The pH optimum for the GIcNAc-l-P reaction was between 7.2 and 7.6; maximum activity occurred at about 10 millimolar Mg2". The addition of unlabeled GDPmannose or UDP-glucose considerably inhibited enzyme activity which could be restored to nearly the original value by addition of more dolichyl phosphate to the incubation mixture. On the other hand, the addition of unlabeled ADP-glucose and GDP-glucose enhanced the enzyme activity.
The biosynthesis of the oligosaccharide portion of lipid-linked sugars in eukaryotic cells requires a series of membrane bound enzymes which transfer two GlcNAc, nine mannose, and three glucose units sequentially to dolichyl phosphate to form the final product having the composition Glc3Man9GlcNAc2-PP-dolichol (8, 24, 27) . The Glc3Man9GlcNAc2 portion of the lipid is then transferred to certain asparagine residues on the protein (8, 19, 24) . In animal systems, many details of the various reactions involved in the dolichol cycle are known and several of the enzymes involved in the initial steps of dolichol pathway have been partially purified and their properties studied. For example, the GlcNAc-1 -P-transferase was solubilized and partially purified from pig aorta (15, 22) and other animal tissues (1, 30) . Some mannosyl transferases of the dolichol cycle such as dolichyl-Pmannose mannosyl-transferase was partially purified from yeast (14) , and a l,2-and a1,3-mannosyl-transferases were partially purified from rabbit liver (20, 31) . Except for the a 1 ,2-mannosyltransferase, other partially purified enzymes are stimulated by the addition of phospholipids (21, 22, 30) . The GlcNAc-1-P reaction was shown to be enhanced both by phosphatidylglycerol and dolichyl-phosphoryl-mannose (22, 23) . These stimulatory Supported by a grant from the National Institutes of Health (AM 21800).
effects may play some regulatory role in the lipid-linked saccharide pathway.
In plants, although the biosynthesis of lipid-linked oligosaccharides (8) and the formation of the final product Glc3Man9GlcNAc2-P-P-lipid (17, 26, 33) , have been demonstrated, so far no studies have been made on the characterization or the purification of any of the individual enzymes involved in this pathway. The study of individual enzymes is necessary in order to know the regulation and control points of this pathway. Previously, we solubilized several mannosyl transferases from soybean cultured cells and identified the products formed by transfer of mannose from GDP-mannose to the acceptor lipids ( 18) . The present study describes the solubilization and properties of GlcNAc-1 -P-transferase from soybean cultured cells. Preparation of Membrane Fraction. Soybean (Glycine max L.) cells were grown for 7 to 10 d in 500 ml Erlenmeyer flasks containing 100 ml of the medium of Chu and Lark (7) . The cells (200 g) were filtered, rinsed with fresh medium, and suspended in 100 ml of 50 mM Tris-HCl buffer (pH 7.5) containing 8% sucrose 0.5% PVP, 1 mM EDTA, 1 mM MgCl2, and 0.5 mM DTT. The cells were blended for 20 s, the homogenate was strained through 8 layers of cheese cloth and the filtrate was centrifuged at 3,000g to remove large particles and whole cells. The resulting supernatant was then centrifuged at 105,000g for 45 min to obtain the membrane pellet.
MATERIALS AND METHODS
Solubilization of GlcNAc-l-P-Transferase. The membrane fraction obtained above was suspended in 50 mm Tris-HCl buffer (pH 7.5) containing 10% glycerol and 0.5 mM DTT and treated with Triton X-100 (final concentration 1%). The membrane fraction in detergent was mixed with the help of a homogenizer in an ice bath for 20 min and centrifuged for 60 min at 105,000g. Following centrifugation, the supernatant was gently removed and used as the solubilized enzyme for further studies. All preparations were done out at 0 to 4°C unless otherwise noted.
Assay of UDP-GlcNAc: Dolichyl-P-GlcNAc-l-P-Transferase. Dolichyl-P (6 ,ug) was added to the reaction tubes in CHC13:CH30H (1:1) and the solvent was removed under a stream of air. The dried dolichyl-P was then dispersed in 0.1 ml of 0.1% Triton X-100, 10 mM MgCl2, 50 mM Tris-HCl (pH 7.5), and 0.1 ml BSA (0.5% w/v) by sonication for 10 s. Then 0.1 ml of enzyme solution was added to make a final volume of 0.4 ml.
SOLUBILIZATION OF GlcNAc-l-P-TRANSFERASE
The reaction was initiated by the addition of 0.1 sCi of UDP-[3H]GlcNAc and tubes were incubated for 15 min at 37°C. The reactions were then stopped by the addition of 2 ml of CHC13:CH30H (1:1) and 0.6 ml of H20. The mixtures were then vortexed vigorously, and the phases were separated by centrifugation. The lower CHC13 phase was gently removed and saved. The upper phase and interphase were reextracted with another 1 ml of CHC13 and this lower phase was combined with the previous CHC13 phase. The combined CHC13 fractions were then washed with CHC13:CH30H:H20 (3:48:47) to remove any water soluble contaminants. The lower phase which contained dolichyl-pyrophosphoryl-GlcNAc was used for the determination of the radioactivity. When the effect of phospholipids was examined, the phospholipids were added to reaction tubes in CHC13:CH30H (1:1) along with dolichyl-P and the solvent was removed under a stream of air prior to the addition of other reaction components. In experiments to test the effect of either phospholipids or antibiotics, the enzyme was preincubated for at least 2 min with these effectors before the reaction was initiated by the addition of UDP-[3H]GlcNAc.
Chemical Procedures. Lipid linked saccharides were subjected to mild acid hydrolysis in 0.02 N HCl in 30% CH30H at 100IC for 20 min. After hydrolysis, the solution was washed with CHC13 to remove the lipids. The aqueous phase was concentrated to dryness, dissolved in 1 ml of 0.5% acetic acid and analyzed by chromatography on 1.5 x 150 cm column of Bio-Gel P4. The columns were previously equilibrated with 0.5% acetic acid and were calibrated by running various known oligosaccharides which ranged in size from Man9GlcNAc2-ManGlcNAc2 and also with GlcNAc2, GlcNAc and mannose. Protein content of the solubilized enzyme was estimated by the method of Bradford (5) .
RESULTS
Properties of Solubilized GIcNAc-l-P-Transferase. The GlcNAc-l-P-transferase which produces dolichyl-PP-GlcNAc from UDP-GlcNAc and dolichyl-P was solubilized from particulate preparations of soybean cultured cells by treatment with 1% Triton X-100. By this procedure, about 70% of the total protein and about 80 to 85% of the enzyme activity was recovered in the supernatant fraction from the microsomal preparations. Another detergent NP-40 was equally effective in the solubilization of this enzyme. Octyl-glucoside or sodium deoxycholate were less effective than NP-40 or Triton X-100. The solubilized enzyme obtained on treatment with Triton X-100 in Tris-HCl buffer (pH 7.5) was very labile and completely lost its activity when kept overnight at 0°C. However, the addition of 10% glycerol and 0.5 mm DTT during the solubilization procedure stabilized the enzyme to some extent, and at least 50% of the activity still remained after storage for 3 d at 0 to 4°C. Further purification of the enzyme could not be achieved because of the stability problem. Thus, in the present study, the solubilized enzyme was used to examine the various properties of the reaction. The formation of dolichyl-PP-GlcNAc was linear with time of incubation for at least 10 min at 370C (data not shown). The enzyme showed an almost absolute requirement for divalent cation and maximal activity was observed at 10 mm Mg2' concentration ( Fig. 1) . Other divalent metal ions such as Mn2+ and Ca2+, at low concentrations of 1 to 2 mm, showed some activity, but these cations were inhibitory at concentrations higher than 2 mm. The formation of dolichyl-PP-GlcNAc was inhibited completely by the addition of 10 mM EDTA to the incubation mixture. The pH optimum was found to be between 7.2 to 7.6 in either Hepes or Tris buffer (data not shown).
The effects of concentration of dolichyl-P and concentration of UDP-GlcNAc on the production of dolichyl-PP-GlcNAc by the GlcNAc-1 -P-transferase are shown in Figures 2 and 3 (Fig 3) . brated columns of Biogel P-4 (Fig. 4) . When UDP-GlcNAc and dolichyl-P were incubated with particulate enzyme preparation, the formation of the N,N'-diacetylchilobiosyl-lipid was maximum after 10 min of incubation as shown in the figure (profile A). However, after a 5 min incubation, the abundance of GlcNAc-P-P-lipid was higher than N,N'-diacetylchitobiosyl-lipid (data not shown). When UDP-GlcNAc and dolichyl phosphate were incubated with the solubilized enzyme, the major product formed in a 10 min incubation was dolichyl-PP-GlcNAc and a small amount of dolichyl PP-GlcNAc2 (profile B). Effect of Phospholipids. The activity ofthe solubilized enzyme was stimulated by the addition of some phospholipids (Fig. 5 ). Phosphatidylglycerol, at saturating level of 60 ,Ag per incubation mixture, showed the maximum stimulatory effect and increased the formation of dolichyl-PP-GlcNAc by 2-to 3-fold. Phosphatidylinositol also stimulated the activity but to a lesser extent. Phosphatidylserine, phosphatidylcholine, and phosphatidyle- thanolamine did not stimulate the enzyme, but at higher concentrations, they inhibited the reaction (Fig. 5) . The product formed in these reactions was identified as dolichyl-PP-GlcNAc. The stimulatory effect of phosphatidylglycerol was previously observed for the GlcNAc-l-P-transferase of animal systems (22, 30) .
Effect of Sugar Nucleotides. The effect of various sugar nucleotides on the activity of the solubilized enzyme is shown in Figure 6 . The GlcNAc-l-P transferase was inhibited about 40% by GDP-mannose, and about 60% by UDP-glucose, when these sugar nucleotides were added to the incubation mixture. However, the addition of larger amounts of dolichyl-P to the incubation mixture could overcome this inhibition, suggesting that the apparent decrease in the activity caused by GDP-mannose and UDP-glucose is due to competition for the same substrate, dolichyl-P, rather than to an allosteric type of inhibition. On the other hand, the addition of GDP-glucose and ADP-glucose to the reaction mixture stimulated the formation of dolichyl-PPGlcNAc by about 50% (Fig. 6) Effect of Antibiotic Inhibitors. Among the various compounds known to inhibit the lipid-linked pathway in plants, yeast, and animals, tunicamycin is the most active and specific inhibitor of GlcNAc-l-P-transferase (9) . In plants, we initially reported that tunicamycin inhibited specifically the formation ofGlcNAc-lipid (11). From our in vivo studies in soybean cultured cells, we subsequently found that tunicamycin also inhibited protein glycosylation in plants (16) .
In the present study, we examined the effect of tunicamycin and other antibiotics on the solubilized GlcNAc-l-P-transferase (Fig. 7) . Tunicamycin inhibited the solubilized GlcNAc-l-Ptransferase by about 95% at a concentration of about 1 Mg/ml. Amphomycin, a lipopeptide antibiotic, inhibited the solubilized enzyme by 50% at a concentration of 30 to 40 ,ug/ml whereas it showed no effect on the incorporation of the second GlcNAc when dolichyl-PP-GlcNAc was used as the substrate. Previous studies with mung bean particulate enzyme showed that ampho- Incubation mixtures were prepared as described in the text except that various amounts of sugar nucleotides were added as indicated. The formation of dolichyl-PP-GlcNAc was assayed as described.
mycin inhibited the formation of dolichyl-phosphoryl-mannose and lipid-linked GlcNAc (12) . In that study, a higher concentration of antibiotic was required to inhibit the formation of dolichyl-PP-GlcNAc. Showdomycin, a nucleoside antibiotic, also inhibited the formation of dolichyl-PP-GlcNAc, and in this case 40 to 45 gg/ml of antibiotic was necessary to achieve 50% inhibition. In a previous study in green alga, showdomycin was shown to inhibit the formation of GlcNAc-lipid (28) . Another antibiotic diumycin also inhibited the solubilized enzyme, but it was less sensitive than showdomycin or amphomycin. About 45 to 50 Ag/incubation of diumycin were required to give 50% inhibition of the GlcNAc-I-P-transferase reaction. We have also examined the effect of diumycin and other antibiotics on the formation of dolichyl-PP-GlcNAC2 from dofichyl-PP-GlcNAc and UDP-GlcNAc (data not shown). Among the different antibiotics tested, diumycin was found to be very effective in inhibiting the second GlcNAc-transferase reaction while other antibiotics such as tunicamycin, amphomycin, and showdomycin were ineffective on this reaction. For the second GlcNAc-transferase, 50% inhibition occurred at 15 to 20 Ag of diumycin/ incubation. Thus, diumycin is a more effective inhibitor for the second GlcNAc-transferase than it is on the first GlcNAc-I-Ptransferase. In a previous study, diumycin was reported to inhibit the formation of dolichyl-phosphoryl-mannose in yeast (2) and the formation of dolichyl-phosphoryl-mannose, dolichyl-PPGlcNAc, and dolichyl-PP-GicNAC2 in Acanthamoeba (34) . In that case also, diumycin was found to be more effective on the formation of dolichyl-PP-GlcNAC2 compared to the formation of dolichyl-PP-GlcNAc. The effect of diumycin in plants has not been studied previously. DISCUSSION In the present report, the GlcNAc-I-P-transferase which catalyzes the transfer of GlcNAc-I-P from UDP-GlcNAc to dolichyl phosphate to form dolichyl-PP-GlcNAc was solubilized from particulate preparations of soybean cultured cells. The enzyme was labile and lost most of its activity when stored overnight at 0°C. However, the addition of 10% glycerol and 0.5 mm DTT during solubilization stabilized the enzyme to some extent and in this case the enzyme could be kept in ice for up to 4 d with minimal loss of activity. The apparent instability of this enzyme after its release from the membranes by detergent is probably due to the removal of some intrinsically bound factor or to aggregation of the enzyme in the presence of detergent. Similar stability problems were observed for this enzyme and other enzymes ofthe dolichol pathway in animal systems. The addition of the substrates dolichyl phosphate (29) and UDP-GlcNAc (32), or phosphatidylglycerol and glycerol (22) were tested to stabilize the GlcNAc-l-P-transferase in animal systems. These additions showed some success for a few days but the enzyme still did not retain activity over longer periods. The stability problem is perhaps the main reason that none of the enzymes of dolichol pathway have been purified to homogeneity. Previously, the transfer of GlcNAc from UDP-GlcNAc to lipids has been demonstrated using microsomal preparations from a number of plant tissues (3, 4, 6, 8, 10, 13, 25, 27) . However, the enzymes involved in GlcNAc transfer were not solubilized, or their properties studied. In the present paper, we have examined some ofthe properties ofthe solubilized GlcNAcl-P-transferase reaction. The GlcNAc-l-P-transferase required 10 mMM MgCl2 and a pH between 7.4 to 7.6 for its maximal activity. Similar requirements for metal ion and pH were previously observed for this enzyme in animal systems (22, 30, 34) .
The enzyme activity was enhanced by exogeneously added phosphatidylglycerol or to a lesser extent by phosphatidylinositol. However, the mechanism by which phospholipids stimulate the transferase reaction has yet to be elucidated. It is possible that phospholipids may provide the proper environment for the enzyme during its reaction. Similar phospholipid requirements of phosphatidylglycerol have been demonstrated in the case of animal GlcNAc-l-P-transferase (22, 30) . The addition of sugar nucleotides such as ADP-glucose or GDP-glucose caused the stimulation of GlcNAc-I-P-transferase activity. This apparent stimulation is probably because of the protection provided by the sugar nucleotide to prevent UDP-[3H]GlcNAc from being degraded by pyrophosphatases. Since the pyrophosphatases involved here are membrane bound enzymes, further studies are needed to know their role in controlling the levels of sugar nucleotides and in regulation of glycoprotein biosynthesis.
Tunicamycin remains the most specific and effective antibiotic for the solubilized GlcNAc-l-P-transferase. Diumycin was found to inhibit both GlcNAc-transferases which are involved in the formation of Dol-PP-GlcNAc2. However, it was more inhibitory to the second GlcNAc transferase as compared to the first GlcNAc-l-transferase.
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